Determinants of geographic variation in body size are often poorly understood, especially in organisms with complex life cycles. We examined patterns of adult body size and metamorphic traits variation in Iberian spadefoot toad (Pelobates cultripes) populations, which exhibit an extreme reduction in adult body size, 71.6% reduction in body mass, within just about 30 km at south-western Spain. We hypothesized that size at and time to metamorphosis would be predictive of the spatial pattern observed in adult body size. Larvae from eight populations were raised in a common garden experiment at two different larval densities that allow to differentiate whether population divergence was genetically based or was simply a reflection of environmental variation and, in addition, whether this population divergence was modulated by differing crowding larval environments. Larger adult size populations had higher larval growth rates, attaining larger sizes at metamorphosis, and exhibited higher survival than smaller-sized populations at both densities, although accentuated at a low larval density. These population differences appeared to be consistent once embryo size variation was controlled for, suggesting that this phenotypic divergence is not due to maternal effects. Our results suggest considerable genetic differentiation in metamorphic traits that parallels and may be a causal determinant of geographic variation in adult body size.
Introduction
Adaptive explanations for the evolution and maintenance of clinal variation in body size have been put forward, especially at large geographical scales, such as the Bergmann's rule and converse Bergmann's rule along latitudinal gradients (Ashton, 2002; Blanckenhorn & Demont, 2004) . However, two main difficulties arise in the analysis of the evolutionary significance of populational body size variation. First, the attribution of an adaptive origin to the observed size cline requires establishing the causal role of natural selection for current ecological conditions, whereas other causes such as drift, founder effects and inbreeding may remain as putative processes behind body size clines. It presents a problem especially in studies of long-range geographical clines, because distant and isolated populations may have arisen from independent phyletic evolution and thereby may compromise conclusions based on the current ecological conditions. One possibility to minimize the potential bias induced by such neutral historical processes is to analyse body size clines at short geographical scales (e.g. Skelly, 2004) . Moreover, establishing the causal role of natural selection as a driver of observed body size clines necessitates establishing that the observed variation is due to genetic divergence, rather than due to direct environmental influences (e.g. phenotypic plasticity, Losos et al., 2000) .
The second complexity in the analysis of the origin and evolution of the body size clines is that the mechanisms underlying the observed phenotypic variation are often unknown, especially in organisms with a complex life cycle and biphasic growth phases. In amphibians, differences in adult body size among populations are assumed to depend on the post-metamorphic pattern of growth and age at maturity (e.g. Halliday & Verrell, 1988) . However, because growth occurs both at the larval and at the juvenile stage, the dynamics of body size variation in amphibians is even more complicated to analyse and requires analysing the sources' variations that affect growth during both ontogenetic phases. Although larval growth represents scarcely 0.1-10% of the total growth until median adult size (Werner, 1986) , age and size at metamorphosis may have strong effects on long-term fitness, such as age and size at first reproduction (Scott, 1994) . For instance, stressful conditions operating during the larval stage, such as variation in larval density or food levels, may explain better the size and growth performance of terrestrial juveniles than do terrestrial conditions (e.g. Altwegg, 2003) .
If a stressful environmental variation during the larval stage follows a geographical cline, and compensatory growth mechanisms do not work because of their costs (Metcalfe & Monaghan, 2001) , an observed geographical pattern in adult body size may simply reflect environmental variation occurring during the larval stage (Laugen et al., 2005) . Therefore, among populations, the analysis of divergence in metamorphic size and the sources that may explain variation at this stage may be explicative of clinal variation in body size at maturity.
In this study, we investigated the patterns and causal sources of geographic variation in metamorphic traits along a steep geographic cline of adult body size in the Iberian spadefoot toad (Pelobates cultripes). We use an experimental common garden approach in conjunction with field surveys to control the multiple ecological factors that may influence phenotypic variation across populations (Trexler, Travis & Trexler, 1990) . We hypothesized that variation in metamorphic traits would be predictive of the spatial pattern observed in adult body size, and that this variation at the metamorphosis may be genetically driven. For this purpose, we examined: (1) the adult size and metamorphic traits clines; (2) the sources of microgeographic variation in body size at metamorphosis that allow us to differentiate whether population divergence is genetically based, or whether it is simply a reflection of environmental variation; (3) we discuss the possible correspondence and implications of the population divergence in metamorphic traits with the adult body size variation.
Materials and methods

Populations and study site
We examined the variation in body size and metamorphic traits of eight populations of P. cultripes distributed along a stretch of 120 km at south-western Spain encompassing two areas with different geological substrates: old hercinic granite-schist soils from Sierra Morena and sandy soils from quaternary aeolian deposits from Donana (Fig. 1) . We selected three populations from the hercinic soils (Sierra, thereafter, Pedroso, Gerena and Aznalcollar, L1-L3, hereafter), and four populations from the sandy area (Don˜ ana, thereafter; Lazaro, Bodegones, Abalario and Reserva Biologica de Donana, S1-S4, hereafter). Finally, a geographically intermediate population (Sanlucar, M, hereafter) was also selected (Fig. 1 ). All these populations breed in small and shallow temporary ponds that become flooded in the fall and dry up in the summer (Dıaz-Paniagua, 1992). The main climatic variables did not differ considerably across the transect (annual average rainfall = 640 and 585 mm, temperature = July 25.7 and 24.5 1C, January 9.6 and 10.6 1C, for L3 and S1 populations, respectively, Dıaz-Paniagua, 1986).
Adult study
We collected mature individuals from seven out of eight populations, because for the M population adult body size information could not be obtained, from October 1999 to January 2004 (Fig. 1, Table 1 ). Breeding adult P. cultripes were sampled during chorusing nights between 20:00 and 2:00 h, either calling males or pairs in amplexus to ensure that all individuals were mature. Toads were separated by sex in independent plastic containers and brought to the laboratory. We measured: the snout-vent length (SVL) by placing each toad on a laminated graph paper 160 000 180 000 200 000 220 000 240 000 260 000
Paleozoic (Granite + Schist rocks)
Miocene -Pliocene (Clay + Sandy) Holocene (6.500 BP) (Sandy soils) 160 000 180 000 200 000 220 000 240 000 260 000 Figure 1 Map showing the location and geological substrate of the studied Pelobates cultripes populations. L1-L3, large adult body size populations; S1-S7, small adult body size populations; M, geographically intermediate population. (accuracy T 1 mm), and body mass (BM) to the nearest 0.5 g, using a 100 g Pesola spring balance (Pesola AG, Baar, Switzerland). Females' BM were only taken after oviposition, because we could possibly expect interpopulational differences in reproductive investment. Thus, gravid females were excluded from analyses. All individuals were released back into their original ponds (within 24 h after the capture).
Larval common garden experiments
We reared larvae from the eight sampled populations in two independent experiments (experiments I and II) in common garden mesocosms because not all the populations bred synchronously being unable to raise them in a single experiment.
Experiment I
On 7 November 2001, we sampled seven recently laid clutches of similar larval stage (Gosner stage 10, Gosner, 1960) belonging to four populations: three small adult size populations (S1, S3 and S4) and one large body size population (L2). A sample of around 500 eggs was carefully removed from each clutch and brought to the laboratory. Full-sib families were kept separately in plastic trays filled with dechlorinated tap water until tadpoles reached Gosner's stage 25 (Gosner, 1960) . Room temperature was kept roughly constant (range 20-24 1C) and the photoperiod followed a natural cycle L10:D14. Tadpoles from the four populations were reared in outdoor mesocosms in replicated octagonal artificial pools. A total of 12 plastic wading pools were set up in an outdoor facility at the 'La Hampa' field station (IRNA-CSIC). Pools were 2 m in diameter and 0.5 m in height and were previously filled with 500 L of well water on 27 November 2001. Pools were evenly distributed in a rectangular area, and two density treatments (low and high density) were alternatively assigned to each pool. To preserve population and fullsib information, tadpoles were reared individually (low density) or in groups of three (high density) in waste paper plastic baskets (height = 27 cm, diameter = 21 cm, full volume = 9 L, filled volume = 7 L) that were perforated (2-3 mm grid) to allow the passage of water. The experimental densities were within the range observed in the natural ponds (Tejedo, 1993) . The seven full-sib families from each population were included in the experiment to allow estimates of intrapopulation variation in metamorphic traits. The design thus corresponded with a splitplot design (Potvin, 1993) in which larval density was the main across-plot factor (with two levels, each replicated in six pools, fixed effect) and the population of origin was the subplot factor (fixed effect). The different pools were the plots (a random effect). Families were nested within populations and treated as a random factor. Each pool contained 56 baskets with two replicates per family per population, yielding a total of 12 replicates per family per density level. The experiment was started on 6 December 2001 when all larvae had reached a free feeding stage (Gosner stage 25).
Experiment II
Four additional P. cultripes populations were sampled on 14-17 November 2001 for a follow-up experiment: two with large adult body size populations (L1 and L3), one (S2) small adult body size and one (M) geographically intermediate. Only recently hatched tadpoles (25 Gosner stages) were collected, those likely belonging to different clutches, because tadpoles were collected from disparate parts of the ponds to maximize the chances of sampling unrelated animals, and with presumably similar ages (dates of reproduction on 5-8 t October). A total of either 240 (L1, L3, S2) or 110 (M) tadpoles were dip-netted from each population, and kept outdoors in 45 L plastic containers filled with well water before the start of the experiments.
A total of 20 plastic pools (1.5 m in diameter, 0.5 m in height) filled with 150 L of well water were used in this experiment. Pools were evenly distributed in a rectangular area next to experiment I, and the treatments (low density/ high density) were assigned to every second pool. In this experiment, each pool contained 21 baskets identical to those used in experiment I, holding either one (low density) or three tadpoles (high density). The design thus also corresponded with a split-plot design. Each pool contained six (L1, L3 and S2) or three (M) replicates per population. This experiment was started on 28 November 2001.
In both experiments, tadpoles were fed with 0.7 g of rabbit chow pellets twice a week. During the first month of the experiment, any dead tadpole was replaced and after this period, the survival of tadpoles was recorded every 15 days. The first metamorph (defined as the emergence of the first forelimb; Gosner stage 42) was found in both experiments on 21 April 2002. Metamorphs were brought to the laboratory and kept individually in 1 L plastic boxes at 22-24 1C until full tail resorption (around 8-9 days after forelimb protrusion, Gosner stage 46). The experiments lasted until 22 July 2002, the date on which the last metamorph was found in both experiments (after running 198 and 206 days in experiments I and II, respectively).
Survey of size at metamorphosis in the wild
During 2000 and 2004, 517 metamorphosing individuals were sampled from six natural populations to obtain an estimate of size at metamorphosis in the wild. Three of the sampled populations (L2, L3 and S2) were also analysed in the common garden experiments, and the other three (S5-S7, Fig. 1 ) came from the Don˜ ana area. All metamorphosed tadpoles (Gosner stage 42) were brought to the laboratory and kept in plastic trays until completion of tail resorption. Metamorphs were weighed and measured following methods similar to those described above.
Response variables and data analysis
Larval common garden experiments were analysed in terms of survival, age and size at metamorphosis. Survival to metamorphosis was larval survival until the onset of metamorphosis (42 Gosner stage), at low density and the proportion of tadpoles that survived in each basket in the high-density treatment. Age at metamorphosis was the number of days elapsed between the beginning of the experiment and forelimb emergence, and the pools were checked every other day after the first metamorph appeared. Size at metamorphosis was measured as BM and SVL (mm) at complete tail resorption (Gosner stage 46) . BM was measured to the nearest 0.1 mg with an electronic balance (Mettler Toledo AG245, Mettler-Toleda GmbH, Greifensee, Switzerland). SVL was measured by placing each tadpole on a laminated graph paper (accuracy T 1 mm). Growth rate was defined as ln (mass at metamorphosis)-ln (date of metamorphosis). To obtain an estimate of initial tadpole size in experiment I, 15 tadpoles from each family were photographed with a Digital Video Camera (JVC GR-DVX, JVC Yokohama, Japan) at the beginning of the experiment and tadpole size was estimated with an ImagePro Plus program (version 1.1 for Windows).
Baskets within pools were considered to be the experimental units in both experiments with individual response at low density and the mean of individual responses at high density. Adult BM, and mass and age at metamorphosis were ln transformed in order to meet the normality and homoscedasticity assumptions. Analyses of larval survival differed for both densities. At low densities, survival was analysed by fitting a binomial distribution of the data with a Logit Link function to yield maximum-likelihood ratio estimates using the Statistica 6.0 Visual GLZ Statistical Package (Statsoft, 2001 ). Survival at high larval densities was analysed by GLM after the proportion of individuals that reached metamorphosis was arcsine-square-root transformed to meet homogeneity of variances and normality. In experiment II, only BM at metamorphosis was analysed because we were not aware of the time that elapsed since tadpoles reached Gosner stage 25. In experiment I, initial tadpole size (for both densities) and larval survival (only for high density) were introduced as covariates in the analysis (ANCOVA) of the response variables (age and mass at metamorphosis, and growth rate). In experiment II, only survival for the high-density treatment was included as a covariate in the analysis. Means were compared using a post hoc Scheffe multiple comparison test, at a = 0.05. All statistical analyses were analysed with a type III general linear model using the Statistica 6.0 statistical package (StatSoft, 2001) . All results are expressed as mean T 1 SE.
Field surveys and analyses of the variation in both adult body size and size at metamorphosis between source environments (Sierra-Don˜ ana) and populations within environments were performed with nested ANOVAs.
Results
Adult size
A total of N = 452 adults of P. cultripes were captured from seven populations ( Table 1 ). The effect of source environment (Sierra-Don˜ ana) was significant, BM: F 1,384 = 386.99, Po0.0001; SVL: F 1,415 = 360.03, Po0.0001). We observed a reduction in the mean BM and SVL of adults from Sierra (L1-L3) to Don˜ ana (S1-S4). The maximum observed reduction corresponded to S1, the smallest population within Don˜ ana area (Fig. 2) . This implied a reduction of 71.6% in BM and 36.8% in SVL with respect to the L3 population. In addition, there were significant effects of population within the environment (BM: F 3,384 = 34.58, Po0.0001; SVL: F 3,415 = 24.15, Po0.0001).
Common garden experiments Experiment I
The total length of tadpoles at the start of experiment I differed significantly among populations (F 3,386 = 10.99, Po0.001). Two groups were distinguished: the large body size population (L2 = 1.11 T 0.02 cm, n = 105) had larger tadpoles than the three small body size populations (S1 = 0.99 T 0.02 cm, n = 105; S3 = 0.99 T 0.02 cm, n = 90; S4 = 0.98 T 0.02 cm, n = 90; Scheffe range test, Po0.0001). There were also significant differences among families within populations (F 22,364 = 4.57, Po0.001), suggesting maternal and/or genetic effects in tadpole length. density treatment appear in bold.
The populations differed significantly in mean survival at low density (w 2 = 22.05, d.f. = 3, P = 0.00006). Survival was higher in large L2 than in two of the small body size populations (S3 and S4; Fig. 3a) . At a high larval density, populations also differed (F 3,303 = 3.54, P = 0.015). The L2 population had higher survival than the S3 population (Scheffe test P = 0.029, Fig. 3a) .
As revealed by the significant population × density interaction, age at metamorphosis differed among populations. These differences were accentuated at a low larval density (Table 2) : where the L2 population reduced age at metamorphosis by around 8.5-10% with respect to the small body size populations, this difference was only 4% at a high density (Fig. 3b) . Population differences remained unaltered once initial tadpole size was included in the model as a covariate, suggesting that the differences were not caused by maternal effects that arise from variation in initial tadpole size (Table 2) . At high densities, variation in larval survival did affect age at metamorphosis (F 1,267 = 13.31, P = 0.003) but the pattern of population divergence was not altered. There was also significant variation among families within populations in age to metamorphosis across densities ( Table 3) , suggesting genetic and/or maternal effects in developmental time. L2 tadpoles were larger at metamorphosis than tadpoles from the small body size populations, although the differences were only significant for S3 and S4 (maximum difference between L2 and S3 was 20% at a low density and 14% at a high density, Fig. 3c ). There was no significant population × density interaction indicating that reaction norms of different populations were parallel and the rank of populations did not change across densities. Either differences between populations did not shift once the initial larval size effect was controlled for (ANCOVA, Table 2 ). In the highdensity treatment, variation in larval survival affected size at metamorphosis (F 1,263 = 22.8, Po0.001), but the pattern of divergence among populations did not change.
The larval growth rate was significantly different among populations, being the highest for L2 tadpoles at both densities. The population × density interaction was not significant (Table 2) . A Scheffe range test distinguished L2 clearly from the other populations, which showed a slower growth rate (Scheffe test Po0.05, Fig. 3d ). Variation in larval survival at high density did not alter the pattern of population divergence in larval growth.
Experiment II
The populations included in experiment II showed a similar pattern of divergence in size at metamorphosis. Populations differed in size at metamorphosis (F 3,362 = 21.00, Po0.0001), and a significant population × density interaction (F 3,362 = 3.99, P = 0.008) arose because these differences were accentuated at a low larval density. At a low density, L3 metamorphs were 16.7% larger than S2 metamorphs, this difference being 11.9% at a high density (Scheffe test Po0.05, Fig. 4 ). This pattern of variation was not affected when variation in larval survival was controlled for (ANCOVA, P40.05).
Field survey
A total of N = 517 metamorphs of P. cultripes were captured from six populations. The nested ANOVA revealed that size at metamorphosis in the natural ponds did not differ between source environments (Sierra-Don˜ ana) (F 1,499 = 0.26, P = 0.63) and significant differences were found among populations within environments (F 5,517 = 150.28, Po0.001). For instance, L3 metamorphs were smaller than S2 and S7 metamorphs (Scheffe test, Po0.01, Fig. 5 ).
Discussion
Population divergence in metamorphic traits, is it genetically based?
Our results suggest that a significant portion of the observed variation among populations in the length of the larval period and in body size at metamorphosis is genetically based. In particular, large body size populations had faster developmental rates and were generally larger at metamorphosis than small body size populations. Moreover, geographic variation in metamorphic size obtained from common garden experiments paralleled the variation seen in adult body size. This last result contrasted with field surveys that indicated that not all large populations had a large size at metamorphosis. Large population L3 had a smaller metamorphic size than S2 and S7 populations whereas under controlled experimental conditions L3 had a larger metamorphic size than S2 at both experimental larval densities (Fig. 4) . This was likely due to an extremely high larval density, and presumably high crowding conditions, found at L3 compared with the rest (M. Tejedo and F. Marangoni, pers. obs.) . This contradictory result illustrates the need for an experimental approach in conjunction with field surveys to examine the problem of interdemic variation (Trexler et al., 1990) . The presumed genetic basis of observed geographic variation in metamorphic traits may be mingled with the interaction of maternal effects, which included environmental sources of variation. In amphibians, most variation in maternal effects is mediated through variations of egg size (Kaplan, 1998) . For example, there is often a positive trend between propagule size and early life-history traits in amphibians and other organisms (Bernardo, 1996; Rasanen, Laurila & Merila, 2005) . Throughout the spadefoot toad populations studied, egg size displays a geographic variation parallel to that found in adult body size. Egg diameter was on average 11% greater in the large L1 population than in the small populations S2 and S3 (Marangoni, 2006) . This variation could contribute to divergence in metamorphic traits between large and small body size populations if a larger egg size determines faster developmental and growth rates, and hence earlier onset of metamorphosis at larger sizes as it has been found in other species (Dziminski & Roberts, 2006) . Our results, however, did not sustain this argument because the pattern of divergence in metamorphic traits remained unaltered once variation in initial larval size was statistically controlled. Therefore, it is likely that the observed interdemic variation in metamorphic traits is mostly due to direct genetic effects rather than maternal effects arising from variation in propagule size.
The extent of population divergence in larval survival to metamorphosis will influence the rate of population recruitment of juveniles and thereby the dynamics of amphibian populations (Berven, 1990) . In that sense, large body size populations would appear to have superior recruitment and thus higher fitness. Furthermore, juveniles from larger body size populations emerged 4-10% earlier than juveniles from smaller body size populations. Although these differences may appear to be of small magnitude, the actual divergence in days (over 2 weeks at a low density and a week at a high density) can potentially be highly biologically relevant because the biotic and abiotic conditions deteriorate dramatically as ponds approach desiccation (Wilbur, 1987) . In addition, if larvae from larger body size populations reach metamorphosis both earlier and with a larger size, these populations would have an even greater fitness advantage by reaching larger juvenile size before aestivation in the dry and hot summer of Mediterranean environments.
The maintenance of the adult body size cline in P. cultripes appears to be contradictory in the light of our results. It seems rather paradoxical how genotypes from small size populations that express apparently maladaptive traits, lower larval survival, growth and developmental rates are maintained and not swept by better performance of genotypes from large adult size populations. In principle, gene flow can override population divergence under different selection pressures (Lenormand, 2002) . Although we have no data on population genetic structure across the study transect for P. cultripes, molecular results on another toad species Bufo ( = Epidalea) calamita, which exhibits a parallel adult body size reduction, reveal that there is no pattern of isolation by distance through the study transect (Gomez-Mestre & Tejedo, 2004 , see also Marangoni, 2006 ). If we assume a similar pattern of no genetic isolation between large and small size populations in P. cultripes, the present pattern of population divergence in body size may be considered to be a consequence of local adaptation to differing selection pressures. If we take into account that other amphibian species exhibit a similar pattern of abrupt reduction in adult body size (Dıaz-Paniagua, Mateo & Andreu, 1996; Dıaz-Paniagua & Mateo, 1999) , we may speculate that common selective pressures occurring at the Donana territory are conditioning a similar phenotypic outcome (Endler, 1977) . Additionally, the pattern of population divergence may be simply the expression of environmental induction or phenotypic plasticity. Our results, based on reciprocal transplant experiments, between environments with large and small body size spadefoot toad populations, have revealed that terrestrial environments from small body size phenotypes yields lower growth rates when compared with environments with a large adult size (Marangoni, 2006) . Therefore, this suggests that there may be variations in either the nutrient availability or other stressful factors that constrain the performance of growing terrestrial juveniles between the environments.
Correspondence between the pattern of geographic variation in size at metamorphosis and the adult size
In organisms with indeterminate growth, such as amphibians, differences among populations in body size of adults have been widely assumed to depend on variation in growth rates during the period from the post-metamorphic stage to sexual maturity (Halliday & Verrell, 1988) . The amount of size divergence at metamorphosis found between the large and small body size populations only accounted for c. 20% in BM. This divergence in metamorphic size comprises only a small fraction of the total size divergence found at adulthood, which is as most 71.6% BM reduction, Fig. 2a ). This suggests that additional differences have to be assessed between large and small body size populations during the post-metamorphic growth phase. Two alternative, although not mutually exclusive, mechanisms can account for population divergence during the post-metamorphic stage. First, larger body size populations may simply exhibit higher growth rates than smaller body size populations, and second, differences in the age of maturity and longevity between populations. Post-metamorphic growth in amphibians exhibits an indeterminate pattern with an exponential period that decreases considerably after the onset of reproduction with the attainment of an asymptotic size (Hemelaar, 1988) . Thus, populations that delay reproduction are able to achieve larger body sizes than precocious ones (Morrison, Hero & Browning, 2004) . Data on post-metamorphic growth and demographic analysis of P. cultripes populations reveal that age structure and age at maturity do not differ between large and small body size populations, suggesting that the final pattern of body size divergence should be explained by differences in growth rates as suggested by our reciprocal transplant experiment (Marangoni, 2006 ).
In conclusion, our results suggest that the pattern of body size variation at the metamorphosis across the study transect is at least in part genetically determined and may be partially explicative of among-population variation in adult body size. However, mechanisms that operate through the post-metamorphic growth phase could contribute to the observed divergence in adult body size and need to be investigated further.
